Staufen is a double-stranded RNA-binding protein that was first characterized in Drosophila melanogaster, where it is involved in transport and localization of bicoid and oskar mRNAs in oocytes and contributes to localization of prospero mRNA during neuroblast development (6, 37, 52). In mammals, two different homologues (Staufen 1 [Stau1] and Stau2) have been identified (7, 10). Stau1 is ubiquitously expressed in mammals (12, 36, 61) . Whereas Stau2 is found in several tissues, it is nevertheless mainly expressed in the brain (12, 36, 61) . In neurites, the two paralogues of Staufen are found in distinct RNA granules, suggesting unique functions for each protein (12, 57). A role for Staufen proteins in mRNA transport and translational control has been proposed since they are present in RNA granules that migrate within the dendrites of hippocampal neurons in a microtubule-dependent way (28, 31, 33) and regulate transport of mRNA (25, 55) . Staufen proteins also associated with polysomes (12, 34, 36, 61), and Stau1 was shown to be involved in the translational control of mRNAs (13). Recently, Stau1 was shown to be involved in a specific mRNA decay pathway (30), suggesting an additional role in posttranscriptional gene control.
Staufen is a double-stranded RNA-binding protein that was first characterized in Drosophila melanogaster, where it is involved in transport and localization of bicoid and oskar mRNAs in oocytes and contributes to localization of prospero mRNA during neuroblast development (6, 37, 52) . In mammals, two different homologues (Staufen 1 [Stau1] and Stau2) have been identified (7, 10) . Stau1 is ubiquitously expressed in mammals (12, 36, 61) . Whereas Stau2 is found in several tissues, it is nevertheless mainly expressed in the brain (12, 36, 61) . In neurites, the two paralogues of Staufen are found in distinct RNA granules, suggesting unique functions for each protein (12, 57) . A role for Staufen proteins in mRNA transport and translational control has been proposed since they are present in RNA granules that migrate within the dendrites of hippocampal neurons in a microtubule-dependent way (28, 31, 33) and regulate transport of mRNA (25, 55) . Staufen proteins also associated with polysomes (12, 34, 36, 61) , and Stau1 was shown to be involved in the translational control of mRNAs (13) . Recently, Stau1 was shown to be involved in a specific mRNA decay pathway (30) , suggesting an additional role in posttranscriptional gene control.
Localization of mRNA in neuronal dendrites has been proposed as a mechanism for establishing synaptic memory and maintaining synaptic plasticity (27, 54) . There is considerable evidence for local translation in neuronal dendrites (45, 56, 58) , and local translation is required for various forms of synaptic plasticity, including the late phase of transcription-dependent long-term potentiation (L-LTP), beta-adrenergic-dependent LTP, and mGluR-induced long-term depression (LTD) (5, 17, 22) . Local synthesis is also important for the growth and maturation of dendritic spines (2, 43, 56, 58) . Interestingly, it was also shown that down-regulation of Stau1 by small interfering RNA (siRNA) reduces CaMKII mRNA transport in cultured hippocampal neurons (25) . However, the physiological consequences of Stau1 knockdown have not been examined.
In the present study we use an RNA interference technique (siRNA) combined with electrophysiological recordings in slice cultures to examine the role of Stau1 in synaptic plasticity. We find an important role for Stau1 specifically in L-LTP. Moreover, knockdown of Stau1 also revealed deficits in spine morphology and spontaneous miniature synaptic activity.
MATERIALS AND METHODS
Organotypic hippocampal slice cultures. All experiments were done in accordance with animal care guidelines at the Université de Montréal. Organotypic hippocampal slices were prepared and maintained in culture as previously described (53) . In brief, Sprague-Dawley rats (postnatal day 7) were anesthetized and decapitated. The brain was removed and dissected in Hanks' balanced salt solution (Invitrogen Canada, Ontario, Canada)-based medium. Corticohippocampal slices (400 m thick) were obtained with a McIlwain tissue chopper (Campden Instruments, IN). Slices were placed on Millicell culture plate inserts (Millipore, MA) and incubated for 3 days in OptiMem (Invitrogen Canada, Ontario, Canada)-based medium at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Inserts were then transferred to Neurobasal-based medium (In-vitrogen Canada, Ontario, Canada). Slices were used for experiments after 4 to 7 days in culture.
HEK293 cells. HEK293 cells were grown in Dulbecco's modified Eagle's medium (Invitrogen Life Science) supplemented with 10% Cosmic calf serum (HyClone, Logan, UT), 5 g/ml penicillin-streptomycin, and 2 mM L-glutamine (Invitrogen Life Science) and maintained at 37°C saturated with 5% CO 2 .
siRNAs and transfections. Enhanced cyan fluorescent protein (ECFP) (Clontech Laboratories, CA) was cloned into the pCDNA-RSV vector. pEYFP-C1 (enhanced yellow fluorescent protein [EYFP] ) was obtained from Clontech Laboratories (CA). All siRNAs were purchased from Dharmacon (CO). Commercial siCONTROL was used as nontargeting control siRNA. siRNA-STAU1 target sequences for rat were 5Ј-GGACAGCAGUUUAAUGGGAUU-3Ј (sense sequence) and 5Ј-PUCCCAUUAAACUGCUGUCCUU-3Ј (antisense sequence). shRNA-STAU1/sh1 and plasmid coding for Stau1 55 ⌬sh1 were described previously (13) . HEK293 cells were seeded at 2 ϫ 10 5 cells per well in a six-well plate and transfected with 60 pmol of either siRNA-CTL or siRNA-STAU1 using Lipofectamine 2000 (Invitrogen Life Science). At 24 h posttransfection, cells were transfected again with 100 pmol of the respective siRNA and 1 g each of plasmids coding for Stau1-hemagglutinin (HA) or Stau2-HA and hnRNPH1-myc, used as control. Cells were processed for Western blotting 24 h posttransfection. Biolistic transfection of neurons in organotypic slice cultures was performed as previously described (4), using a Helios gene gun (Bio-Rad, CA) following the manufacturer's instructions. Biolistic transfection of cyanine 3-tagged nontargeting siRNA (Cy3-siRNA-CTL) and confocal microscopy following fixation of slice cultures were used to verify siRNA delivery in pyramidal cells. Electrophysiological recordings and cell imaging experiments were performed 48 h after transfection, and the experimenter was blind to transfection treatments.
Electrophysiology. Individual slice cultures were transferred to a submerged recording chamber and continuously perfused (at 1 to 2 ml/min) with artificial cerebrospinal fluid composed of 124 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 1.3 mM MgSO 4 , 26 mM NaHCO 3 , 10 mM dextrose, and 2.5 mM CaCl 2 (5 mM KCl, 2 mM MgSO 4 , and 2 mM CaCl 2 for LTD experiments), saturated with 95% O 2 and 5% CO 2 , pH 7.4. Extracellular field excitatory postsynaptic potentials (fEPSPs) were recorded from CA1 stratum radiatum with a glass microelectrode (2 to 3 M⍀) filled with 2 M NaCl in slices maintained at 25 to 27°C. A bipolar tungsten electrode placed in stratum radiatum was used for electrical stimulation of Schaffer collaterals. Stimulus intensity (0.1-ms duration) was adjusted to elicit 30 to 40% of the maximal fEPSP, as determined by an input-output curve for each slice (LTD, 60% of maximal value). To reduce spontaneous activity, CA1 and CA3 hippocampal regions were isolated by a surgical cut. L-LTP was induced chemically by the adenylate cyclase activator forskolin (FSK; 50 M; Sigma) (26, 32) . The early phase of LTP (E-LTP) was induced using either high-frequency stimulation (HFS; 100 pulses at 100 Hz applied twice with a 5-min interval) or theta burst stimulation (TBS; four pulses at 100 Hz per burst, five bursts at 5 Hz per train) applied twice at 10-s intervals. LTD was induced chemically by the group I metabotropic glutamate receptor (mGluR) agonist (S)-3,5-dihydroxyphenylglycine (DHPG; 100 M; Tocris). Miniature excitatory postsynaptic currents (mEPSCs) were recorded in whole-cell patch-clamp mode from EYFP-transfected CA1 pyramidal cells using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) in slices maintained at 27 to 32°C. Recording pipettes (4 to 5 M⍀) were filled with a solution containing 130 mM CsMeSO 3 , 5 mM CsCl, 2 mM MgCl 2 , 5 mM diNa-phosphocreatine, 10 mM HEPES, 2 mM ATP-Tris, and 0.4 mM GTP-Tris, pH 7.2 to 7.3, 275 to 285 mOsm. Bicuculline (10 M) and tetrodotoxin (0.5 M) were added to the extracellular solution, and cells were voltage clamped at Ϫ60 mV. Data acquisition (filtered at 2 kHz, digitized at 10 kHz) and analysis were performed using a personal computer equipped with pClamp9 software (Molecular Devices). Threshold mEPSC amplitude was set at 3 pA, and typically 150 to 250 events were collected over a 10-to 20-min period.
Immunocytochemistry. Rat primary hippocampal neurons were dissected from embryonic day 17 to 19 Sprague-Dawley embryos (Charles River Laboratories) and cultured as described previously (3, 14) . Briefly, neurons were plated at 80,000 cells/ml on 18-mm-diameter glass coverslips (Fisher Scientific) coated with 0.1% poly-D-lysine. Transfections of 20 pmol of siRNA and 0.3 g of plasmid coding for ECFP were performed with 2 l of Lipofectamine 2000 reagent (Invitrogen). At 48 h posttransfection, neurons were fixed with 4% paraformaldehyde-4% sucrose in phosphate-buffered saline (PBS) for 20 min. Neurons were then permeabilized with 0.3% Triton X-100-2% bovine serum albumin in PBS for 10 min, blocked with 0.1% Triton X-100-2% bovine serum albumin in PBS for 45 min, and further washed with the same solution. Neurons were incubated with 2 g/ml mouse anti-CFP (Roche) and rabbit anti-Stau1 (1:100) (61) antibodies for 1 h, washed, and stained with Alexa Fluor 488 dye-anti-mouse immunoglobulin G (IgG) or Alexa Fluor 594 dye-anti-rabbit IgG antibodies (Molecular Probes) for 1 h. Following the immunolabeling procedure, some neuron cultures (as indicated) were incubated with 10 M of Syto14 (Invitrogen S7576) for 15 min. Coverslips were mounted on slides (Fisher) using Dako fluorescent mounting medium (Dako). Neurons were visualized under an Olympus fv300 confocal microscope using a UPLFL 60ϫ 1.40-numerical-aperture oil-immersion objective lens. Hippocampal slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (4°C, overnight). Slices were cryoprotected in 30% sucrose and recut (60 m thick) on a freezing microtome (Leica SM2000R; Germany). Sections were treated with 0.3% H 2 O 2 (30 min), preincubated with 2% normal goat serum and 0.2% Triton X-100 in 0.1 M PBS for 2 h at room temperature (RT), and then incubated with primary mouse monoclonal NeuN antibody (1:250; overnight at RT; Chemicon, CA). The next day, sections were placed in biotinylated secondary goat anti-mouse IgG antibody (1:500; 2 h at RT; Vector Laboratories). Sections were then reincubated in the avidin-biotin complex (Elite ABC kit; Vector Laboratories; 1:200; 2 h) and visualized using 3,3Ј-diaminobenzidine. Sections were rinsed thoroughly between incubations and mounted in DPX mounting medium.
Western blotting. Protein samples from hippocampal slice or human embryonic kidney cell extract were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred onto an Amersham Hybond-P (polyvinylidene difluoride) membrane. Immunoblot assays were performed in PBS-0.2% Tween 20 with specific antibodies.
Imaging and morphological analysis. Slices were fixed with 4% paraformaldehyde overnight at 4°C, washed in phosphate buffer, and mounted on slides for confocal microscopy. EYFP-transfected CA1 pyramidal neurons were randomly selected based on green fluorescence and characteristic morphology. For spine analysis, Z-stacks consisting of 10 to 20 sections (512 ϫ 512 pixels, 30-to 100-m-long dendritic segments) spaced 0.2 to 0.4 m apart were collected from the secondary branches of apical dendrites using a confocal laser scanning microscope (LSM 510; Carl Zeiss, Kirkland, Quebec, Canada) equipped with a 63ϫ oil-immersion objective (numerical aperture, 1.4; Carl Zeiss, Kirkland, Quebec, Canada). The length and morphology of dendritic spines were measured using the LSM 510 software. Four to six independent experiments were performed, and 1,784 protrusions were analyzed from 72 neurons.
Statistical analysis. Baseline synaptic transmission was monitored for 15 min or 30 min (LTP experiments) and 20 min (LTD experiments) before the induction stimulation protocol or drug administration. The slope of fEPSPs was expressed as a percentage of the baseline average before induction or drug application. Every data point represents an average of normalized data in bins of 2 min (E-LTP), 5 min (L-LTP), or 2.5 min (LTD). Statistical differences were compared between baseline values and values after induction or drug application (Student's paired t test). Data are represented as means Ϯ standard errors of the means, unless otherwise mentioned, and statistical significance was set at P Ͻ 0.05. Differences between all transfected groups were assessed with analysis of variance tests. Comparisons of cumulative distribution of spine length and mEPSC parameters between groups were performed using Kolmogorov-Smirnov tests.
RESULTS

Down
-regulation of Stau1 by siRNA transfection. To determine that siRNA can be used for a selective knockdown of Stau1, we tested the efficacy and specificity of the siRNA targeting Stau1 (siRNA-STAU1) by Western blot analysis in human embryonic kidney cells (HEK293), hippocampal neurons in cultures, and hippocampal slice cultures. First, HEK293 cells were cotransfected with plasmids coding for mStau1-HA and hnRNPH1-myc (used as control) and either a nontargeting siRNA (siRNA-CTL) or an siRNA directed against Stau1 (siRNA-STAU1) ( Fig. 1A and B) . Western blot analyses with anti-HA and anti-myc antibodies indicated a significant reduction in the amounts of Stau1-HA relative to hnRNPH1-myc (90.0% Ϯ 3.9% reduction; n ϭ 3; P Ͻ 0.05; Student's t test) when cotransfected with siRNA-STAU1, compared to siRNA-CTL (Fig. 1A) . When plasmids coding for Stau2-HA instead of Stau1-HA were transfected in HEK293 cells, no decrease in the expression of the proteins was observed in the presence of siRNA-STAU1 compared to siRNA-CTL (Fig. 1B) . These re-sults indicate that transfection of siRNA-STAU1 is efficient in down-regulating the expression of Stau1 and that the downregulation is specific, leaving Stau2 levels intact. Next, we tested the efficacy of siRNA-STAU1 transfection in downregulating endogenous Stau1. Hippocampal neurons in cultures were transfected with either siRNA-CTL or siRNA-STAU1 along with a plasmid coding for ECFP as a marker for transfected cells. Immunofluorescence studies using anti-Stau1 antibody were then performed to evaluate Stau1 expression in individual neurons. An important decrease in Stau1 signal was observed in neurons transfected with siRNA-STAU1 compared to untransfected cells in the same culture (Fig. 1C) . In contrast, no decrease was seen in neurons transfected with the siRNA-CTL (Fig. 1C) . Then, we determined whether the knockdown expression of Stau1 impairs global mRNA transport in dendrites. Cultured neurons were transfected with siRNA-STAU1 along with a plasmid coding for ECFP as a marker for transfected cells. Neurons were labeled with Syto14, a dye that stains RNA, and visualized on a confocal microscope.
Comparison of siRNA-STAU1-transfected cells, siRNA-CTLtransfected cells (data not shown), and surrounding untransfected cells showed no difference in the global staining of RNA in dendrites (Fig. 1D) . Therefore, although knockdown expression of Stau1 was shown to impair the dendritic transport of a transcript containing the 3Ј untranslated region of ␣CaMKII (25), it does not prevent the overall transport of mRNA in dendrites, suggesting that Stau1 inhibits specific mRNA targets.
Then, Stau1 knockdown was tested in hippocampal slice cultures that were biolistically transfected at 4 days in vitro with plasmids coding for EYFP and either siRNA-CTL or siRNA-STAU1. Two days posttransfection, slices were homogenized and proteins were analyzed by Western blotting using anti-Stau1 antibodies ( Fig. 2A) . Anticalnexin antibodies were used as a loading control. Transfection of siRNA-STAU1 caused a significant reduction in the expression level of endogenous Stau1 ( Fig. 2A) but not of endogenous Stau2 (Fig. 2B ) in slice cultures. The neuronal integrity of transfected slice cultures was verified using NeuN immunolabeling, and the transfection procedure did not lead to cell loss (Fig. 2C) . The knockdown in expression of endogenous Stau1 in organotypic hippocampal slice cultures was more variable than that observed with overexpression of tagged Stau1 in HEK293 cells, ranging from 70% reduction to almost no reduction (average of 31.7% Ϯ 10.5%; n ϭ 6; two independent experiments; P Ͻ 0.05; Student's t test). This variability probably reflects the reduced efficiency of transfection in hippocampal slice cultures. To examine this more carefully, we measured the delivery and localization of siRNA in CA1 pyramidal cells in slices using a cyanine-3-tagged control siRNA (Cy3-siRNA-CTL) and confocal microscopy (n ϭ 6 to 9; two experiments) ( Fig.  2D and E) . We observed that the biolistic transfection mostly occurs at superficial levels of the slice, since we found a strong signal in the majority of superficial neurons and a clear gradient of the Cy3-siRNA-CTL from the surface of the slice through deeper levels (z axis). Thus, there was only an efficient delivery/transfection in the first 20 to 50 m of tissue in the slices, presumably resulting in specific knockdown of STAU1 only in more superficial neurons, which fortuitously are the same as those recorded in electrophysiology experiments (see below). Since the entire slices were taken for Western blot experiments, the results from this analysis underestimate the knockdown in the neurons recorded in field recording experiments. Taken together, these experiments demonstrate the efficacy and specificity of Stau1 siRNA transfection in downregulating Stau1 expression in cultured slices. Stau1 down-regulation impairs specifically L-LTP. Local translation of mRNAs in dendrites is known to play an important role in synaptic plasticity (27, 51) . Stau1 is a putative candidate protein that may be involved in the regulation of synaptic plasticity, since it has been implicated in mRNA trafficking to neuronal dendrites (25, 29) and in translational regulation (13) . Therefore, we examined the effect of Stau1 downregulation on long-lasting changes in synaptic plasticity that require transcription and translation (26, 32, 41) . Since standard electrical stimulation protocol (four tetanic trains) for inducing the late form of LTP in acute slices does not reliably induce L-LTP in slice cultures (32) and since we wished to maximize the number of synapses that undergo plasticity, LTP was induced chemically, using FSK (32, 44) . FSK elevates cyclic AMP concentrations by activating adenylate cyclase (8, 21, 62) and elicits spontaneous activity in slice cultures that induce N-methyl-D-aspartic acid (NMDA) receptor-dependent L-LTP (32, 44) . Hippocampal slices were biolistically transfected with plasmid coding for EYFP or cotransfected with EYFP plasmid and either siRNA-CTL or siRNA-STAU1. fEPSPs were recorded in area CA1 of the hippocampus. In control conditions, application of FSK induced a potentiation of fEPSPs lasting at least 3.5 h (142% Ϯ 14.5% of control for EYFP and 136% Ϯ 8.8% of control for siRNA-CTL transfections; n ϭ 10 each; P Ͻ 0.05) (Fig. 3A to E) . In slices cotransfected with plasmid encoding EYFP and siRNA-STAU1, FSKinduced LTP was blocked (106.7% Ϯ 10.8% of control at 210 min post-FSK application; n ϭ 10; P Ͼ 0.05) (Fig. 3A to E) . FSK induced similar spontaneous activities in all three conditions, indicating that the block of L-LTP was not due to a failure of FSK to elicit spontaneous activity necessary for LTP induction. To confirm the type of L-LTP induced in our slice culture conditions, we carried out additional control experiments with the NMDA receptor antagonist D,L-2-amino-5- .17% Ϯ 17.7%, n ϭ 6, P Ͼ 0.05; AP5, 110% Ϯ 21%, n ϭ 6, P Ͼ 0.05). Thus, these results complement those obtained in other studies (32, 44) and show that FSK-induced L-LTP is NMDA receptor and protein synthesis dependent and displays key features of standard electrically induced L-LTP. To verify that basal evoked synaptic transmission was unaffected by Stau1 down-regulation, we examined the input-output relation and paired-pulse facilitation ratio (at intervals of 50 to 150 ms) of fEPSPs. No significant differences were found between slices transfected with plasmid encoding EYFP, siRNA-CTL, or siRNA-STAU1 for input-output function (n ϭ 8 to 12; P Ͼ 0.05) (Fig. 3F) or paired-pulse facilitation (n ϭ 10 to 14; P Ͼ 0.05) (Fig. 3G) . These results indicate that Stau1 down-regulation by siRNA prevented L-LTP but did not affect basal evoked synaptic transmission. We next tested whether Stau1 down-regulation also affects the early phase of LTP (E-LTP). Two protocols were used to induce E-LTP, TBS and HFS. TBS generated similar E-LTP of fEPSP slope in slices transfected with EYFP (131.9% Ϯ 5.6% of control), siRNA-CTL (134.9% Ϯ 8.2% of control), or siRNA-STAU1 (140.7% Ϯ 9.7% of control; n ϭ 6 to 8; P Ͼ 0.05) (Fig. 4A to D) . Similar E-LTP results were obtained following HFS of slices transfected with EYFP expressor (133.6% Ϯ 9.7% of control), siRNA-CTL (135.1% Ϯ 13.1% of control), or siRNA-STAU1 (136.4% Ϯ 17.1% of control; n ϭ 4 to 5; P Ͼ 0.05) (Fig. 4F and G) . Thus, transfection of siRNA-STAU1 did not impair E-LTP, indicating that Stau1 downregulation interferes specifically with the induction or expression of L-LTP.
Next, we determined whether LTD is affected by Stau1 down-regulation. Transient activation of mGluR1/5 by application of the selective agonist DHPG produces an LTD of excitatory synaptic responses in CA1 pyramidal cells which requires local translation of dendritic mRNAs in mature neurons but is translation independent earlier in development, such as in the present experiments (15, 22, 23, 60) . As expected, application of DHPG (100 M, 10 min) induced LTD of fEPSPs in control slice cultures transfected with plasmid coding for EYFP (62.2% Ϯ 7% of control) or cotransfected with siRNA-CTL (66.7% Ϯ 7.7% of control; n ϭ 10) (Fig. 5A  and B) . Transfection of slice cultures with siRNA-STAU1 did not affect DHPG-induced LTD either (61.3% Ϯ 2.8% of control, n ϭ 10; P Ͼ 0.05) (Fig. 5C to E) , indicating that Stau1 down-regulation does not impair translation-independent mGluR-mediated LTD in the CA1 hippocampal area.
Stau1 down-regulation reduces miniature synaptic activity. We next tested whether the deficit in L-LTP after Stau1 downregulation was associated with functional changes at unitary excitatory synapses. We recorded mEPSCs in EYFP-transfected CA1 pyramidal cells voltage clamped at Ϫ60 mV and examined the effect of siRNA on amplitude and frequency of synaptic activity (Fig. 6A) . Given that short hairpin RNA (shRNA) transfection can trigger off-target effects which affect passive membrane properties, including membrane capacitance and input resistance (1), we first determined whether siRNA transfection in our experiments might produce similar off-target actions iature synaptic activity. The cumulative distribution of mEPSC amplitude was significantly decreased in neurons transfected with siRNA-STAU1 relative to neurons transfected with EYFP or siRNA-CTL (n ϭ 7 each, three to five slices, 10 independent experiments; P Ͻ 0.05, Kolmogorov-Smirnov test) (Fig. 6B) . The median of cumulative histograms for mEPSC amplitudes in neurons transfected with siRNA-STAU1 was significantly different from that in neurons transfected with EYFP or siRNA-CTL (median Ϯ standard deviation; EYFP, Ϫ18.5 Ϯ 10.9 pA; siRNA-CTL, Ϫ20.5 Ϯ 10.9 pA; siRNA-STAU1, Ϫ11.75 Ϯ 7 pA; P Ͻ 0.001) (Fig. 6B) . Also, the cumulative distribution of inter-mEPSC interval was significantly increased in neurons transfected with siRNA-STAU1 (P Ͻ 0.05, Kolmogorov-Smirnov test) (Fig. 6C) . In this case, the median of cumulative histograms for mEPSC interevent interval in neurons transfected with siRNA-STAU1 was significantly different from that in neurons transfected with EYFP or siRNA-CTL (EYFP, 0.83 Ϯ 0.8 s; siRNA-CTL, 0.8 Ϯ 0.7 s; siRNA-STAU1, 1.54 Ϯ 1.3 s; P Ͻ 0.001) (Fig. 6C) . Decreases in mEPSC amplitude are most consistent with postsynaptic modifications of synapses (receptor numbers or sensitivity), whereas decreases in mEPSC frequency are associated with changes in presynaptic transmitter release or in number of functional synapses (35, 47) . Thus, the observed effects on miniature synaptic activity suggest that Stau1 downregulation is associated with both a reduction of postsynaptic efficacy at individual synapses and a decrease in number of functional synapses or changes in presynaptic transmitter release in pyramidal cells. Stau1 down-regulation induces dendritic spine morphology changes. In hippocampal pyramidal neurons, dendritic spines act as independent cellular compartments enabling selective regulation of individual synapses (20, 63) . Moreover, the morphology and density of dendritic spines reflect the properties and number of synapses (20, 63) . For instance, elongated spines are associated with smaller postsynaptic densities (PSDs) and a higher proportion of silent synapses (20, 38, 42) . Therefore, we next examined if changes in unitary synaptic function after Stau1 down-regulation were associated with changes of spine density and morphology in hippocampal CA1 pyramidal cells. Hippocampal slices were transfected with plasmids coding for EYFP or cotransfected with siRNA-CTL or siRNA-STAU1. First, confocal imaging of EYFP-labeled cells indicated no obvious alteration in the general dendritic arborization of transfected cells in any groups (Fig. 7A) . Second, the overall spine density was not significantly different among cells transfected with EYFP alone (0.24 Ϯ 0.01 spines/m), siRNA-CTL plus EYFP (0.25 Ϯ 0.02 spines/m), or siRNA-STAU1 plus EYFP (0.26 Ϯ 0.02 spines/ m; P Ͼ 0.05) (Fig. 7B) , indicating no significant loss of spines in cells of any group. However, significant differences were observed at the level of spine morphology. The length of dendritic spines was significantly longer in cells cotransfected with siRNA-STAU1 plus EYFP than in cells transfected with EYFP alone (128.76% Ϯ 4.38% of control EYFP) or cotransfected with siRNA-CTL plus EYFP (125.65% Ϯ 4.27% of control siRNA-CTL; P Ͻ 0.05; n ϭ 472, 474, and 486 protrusions in EYFP, siRNA-CTL plus EYFP, and siRNA-STAU1 plus EYFP groups, respectively; n ϭ 4 to 6 separate experiments) (Fig. 7C) . The cumulative distribution of spine lengths was significantly different in cells cotransfected with siRNA-STAU1 plus EYFP than in cells transfected with EYFP alone (Fig. 7C ) (P Ͻ 0.05).
To characterize further the changes in spine morphology, we examined changes in different classes of spines categorized on the basis of spine length and shape (39): 1, filopodia, long protrusions (Ͼ1 m) without a spine head; 2, elongated spines, long protrusions (Ͼ1 m) with a small head at the tip; and 3, regular spines, short protrusions (Ͻ1 m) including stubby and mushroom-type spines. Our data showed that in cells cotransfected with siRNA-STAU1 plus EYFP, there was a significant increase in the proportion of elongated spines (137.61% Ϯ 4.58% compared to EYFP alone [EYFP]; 127.80% Ϯ 4.38% compared to siRNA-CTL plus EYFP [siRNA-CTL]; P Ͻ 0.05) (Fig. 7D) (Fig. 7D) and a significant (Fig. 7D) .
As an additional control, we repeated this experiment using a second interfering RNA (sh1) that targets a different Stau1 sequence. In addition, to confirm that the observed phenotype is the result of Stau1 down-regulation and not off-target effects, we expressed a Stau1 isoform that is not recognized by the shRNA (Stau1 55 ⌬sh1) and determined whether this could rescue the phenotype. Spine density was unchanged in cells transfected with shRNA-CTL (0.26 Ϯ 0.02 spines/m), shRNA-STAU1/sh1 (0.31 Ϯ 0.03 spines/m), or shRNA-STAU1/sh1 plus Stau1 55 ⌬sh1 (0.29 Ϯ 0.02 spines/m; P Ͼ 0.05) (Fig. 8B) . However, spine length was significantly increased in cells transfected with shRNA-STAU1/sh1 relative to cells transfected with shRNA-CTL (113.45% Ϯ 2.48%) or to cells cotransfected with shRNA-STAU1/sh1 plus Stau1 55 ⌬sh1 (117.22% Ϯ 2.56%) (P Ͻ 0.05; n ϭ 487, 592, and 605 protrusions in shRNA-CTL, shRNA-STAU1/sh1, and shRNA-STAU1/sh1 plus Stau1 55 ⌬sh1 groups, respectively; n ϭ 4 to 6 separate experiments) (Fig. 8C) . There was no significant difference between cells transfected with shRNA-CTL (1.21 Ϯ 0.03 m) and cells transfected with shRNA-STAU1/sh1 plus Stau1 (Fig.  8D) . There was no significant difference in the proportion of filopodia between the three conditions (shRNA-CTL, 10.56% Ϯ 1.51%; shRNA-STAU1/sh1, 10.66% Ϯ 1.34%; shRNA-STAU1/ sh1 plus Stau1 55 ⌬sh1, 9.02% Ϯ 1.13%; P Ͼ 0.05) (Fig. 8D) . Thus, transfection with shRNA-STAU1/sh1 resulted generally in similar effects as did transfection with siRNA-STAU1, except for the unchanged proportion of filopodia. It is possible that the sh1 interfering RNA endogenously produced from a plasmid following transfection is less effective in down-regulating Stau1 expression than the siRNA. It may also explain the reduced phenotype for spine length observed with Stau1 shRNA compared to Stau1 siRNA. Overall, this series of results indicate that the increase in spine length after transfection of Stau1 siRNA was due to a shift in spine shape from regular to elongated and filopodial types of spines. Thus, Stau1 down-regulation results in impairment of mature dendritic spine morphology. Expression of shRNAs and siRNAs can potentially trigger severe morphological and functional perturbations in neurons via off-target actions (1, 24, 49) . Therefore, we performed several control experiments to validate our experimental approach of transfection in slice cultures. First, we confirmed with NeuN staining the absence of general morphological changes in hippocampal organization in slice cultures. Also, using confocal microscopy and imaging of individual EYFPlabeled cells, we found that dendritic arborizations of pyramidal neurons were unaffected by RNA interference transfection (1) . Moreover, spine density was similar in all conditions and spine loss did not occur (1) . Most importantly, we were able to rescue the phenotype of spine length and shape changes associated with Stau1 down-regulation by coexpression of a Stau1 isoform (Stau1 55 ⌬sh1) not targeted by the Stau1 shRNA. Finally, input resistance and membrane capacitance, passive membrane properties that are affected by off-target actions (1), were unchanged in neurons transfected with siRNA. Hence, these results strongly indicate that down-regulation of the targeted protein Stau1, and not off-target actions, is responsible for the changes observed in this study.
Role of Stau1 in long-term synaptic plasticity. The late form of LTP is dependent on transcriptional and translational mechanisms (16, 41) . Inhibition of de novo transcription impairs this L-LTP, without affecting the early form of LTP that requires posttranslational modification of preexisting proteins. Some of the transcripts generated during induction of L-LTP require local translation since focal dendritic application of protein synthesis inhibitors in slices inhibits L-LTP (5). Moreover, Ostroff et al. (43) have demonstrated the presence of polyribosome in dendritic spines, suggesting that local translation of new proteins may be enhanced at activated synaptic sites after LTP induction. Consistent with the established role of Stau1 in RNA transport (25, 29, 55) , the impairment of L-LTP observed after Stau1 down-regulation is likely due to impaired transport of newly synthesized mRNAs. While we cannot rule out the possibility that other deficits in synaptic function seen after Stau1 down-regulation (changes in miniature synaptic activity and spine morphology) could also contribute to deficits in L-LTP, we think that this is unlikely for a number of reasons. First, basal evoked synaptic transmission, assessed by inputoutput curves and paired-pulse facilitation of fEPSPs, was unchanged after Stau1 siRNA transfection. Second, E-LTP and mGluR1/5-dependent LTD were not affected, suggesting that synapses and spines are intact and still capable of undergoing bidirectional plasticity. Third, the use of chemical LTP (32) obviates the possibility that a lack of sufficient synaptic drive during the induction protocol could explain the lack of L-LTP. Thus, we believe that the most parsimonious explanation is that impairment in L-LTP is due to the lack of transport and/or local translation of newly synthesized mRNAs.
There are additional correlative studies suggesting a role for RNA transport in late forms of synaptic plasticity and memory. In Drosophila, removal of Staufen reduces memory formation (11) , although the mechanism of synaptic plasticity involved in this memory has not been established. Interestingly, Miller et al. (40) showed that removal of the native 3Ј untranslated region of ␣CaMKII mRNA in mutant mice prevented dendritic localization of ␣CaMKII mRNA and decreased levels of ␣CaMKII in dendrites, as well as reducing L-LTP. Since Stau1 has been previously implicated in the transport of ␣CaMKII mRNA (25), our results would be consistent with a requirement for translation of ␣CaMKII for L-LTP. However, since in this particular study (40) levels of ␣CaMKII in dendrites were severely decreased before stimulation, it is unclear whether the deficit in long-term memory was due to the acute lack of translation of ␣CaMKII after tetanization. Role of Stau1 in spine morphogenesis and spontaneous miniature synaptic activity. Dendritic spines are thought to act as functional units, providing microcompartments for segregating postsynaptic chemical responses, such as calcium elevation (46, 63) , and for integrating synaptic signals. The significant increase in the percentage of elongated spines and filopodiumlike protrusions after Stau1 down-regulation suggests a close relationship between Stau1 and dendritic spine morphology. The size of the spine head is proportional to the PSDs, the number of postsynaptic ␣-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors (42, 48, 59) , suggesting that growth of the spine head correlates with strengthening of the synapse. Moreover, elongated spines and filopodium-like protrusions have been shown to be postsynaptic components of silent synapses (38) . Therefore, an increase in elongated spines and filopodium-like protrusions after Stau1 down-regulation could possibly reflect a down-regulation of synaptic function. This is consistent with the decrease in mEPSC frequency and amplitude seen in this study. Interestingly, in several studies of fragile X syndrome (9, 19, 64) , the marked increase in the proportion of elongated spines and filopodium-like protrusions is similar to the effect observed with Stau1 down-regulation. Stau1 and FMRP (Fragile X mental retardation protein) may have similar functions in regulating RNA transport and/or translation.
Staufen isoforms and functional implications. Another important finding is that the alterations of spine morphology observed with Stau1 down-regulation have clear correlated functional consequences. We found a reduction in amplitude and frequency of spontaneous miniature synaptic activity that is consistent with the observed reduction in the number of regular spines and hypothesized increase in number of silent synapses (38) . Thus, Stau1 appears to be involved in the maintenance of mature spine morphology and excitatory synaptic activity. Interestingly, basal evoked synaptic transmission, assessed by fEPSP input-output curves, paired-pulse facilitation, E-LTP and mGluR1/5 LTD induction, was unchanged after siRNA transfection, suggesting that other parallel changes, likely involving inhibitory synaptic function, also take place after Stau1 down-regulation, which results in normal levels of excitability in hippocampal networks. A recent study suggests that the other Staufen paralogue, Stau2, has an important role in the formation and maintenance of synapses and dendritic spines in cultured hippocampal neurons (18) . After Stau2 down-regulation, a significant reduction in the number of dendritic spines and an increase in filopodiumlike protrusions were noted. Also, the number of PSD-95-positive synapses and mEPSC amplitude were markedly reduced. The differences observed after Stau2 down-regulation and those reported here suggest that the two paralogues may have distinct, but related, functions. Notably, the observed reduction in spine density after Stau2 down-regulation indicates that this isoform is involved in synapse formation and spine morphogenesis (18), while we observe no decreases in the number of spines, suggesting that Stau1 is more involved in synaptic plasticity and associated spine morphology changes. Interestingly, no decrease was observed in mEPSC frequency after Stau2 down-regulation in cultured neurons. It is possible that the environment of cultured neurons may be less permissive for the formation of silent synapses than the environment in hippocampal slice cultures, and thus, the difference in model systems may explain the lack of change in mEPSC frequency. Alternatively, the decrease in mEPSC frequency observed after Stau1 down-regulation may be related to the deficit in L-LTP which was also present. Stau1 and Stau2 do not colocalize with each other in distal dendrites, suggesting that these proteins are located in distinct RNA granules (12) . Stau1 is known to participate in translational control, consistent with our data for distinct roles of Stau1 and Stau2 in the formation of synapses and spines during development (18) . This suggests that different transport mechanisms are used for different pools of mRNAs, an idea which is also supported by the multiple classes of RNA transport particles and granules identified in neurons (14, 50) .
Our findings with Stau1 shed some light on the importance of mRNA transport to dendrites for regulating synaptic function and long-term plasticity. It will be interesting to examine how Staufen paralogues are associated with RNA granules and whether different RNA granules containing Stau1 and Stau2 transport different sets of mRNA. These are important questions to understand further the role of RNA-binding proteins and mRNA trafficking in synaptic plasticity and associated functional connectivity changes underlying hippocampus-dependent learning and memory.
